Mucin 1 (MUC1) is a potentially important target of cancer therapy, being a glycoprotein that is overexpressed on cell surface of many types of adenocarcinomas, including breast, ovarian, colon, lung, and prostatic cancers. Several MUC1-targeted drug delivery systems have been developed and reported, but mobilizing natural killer cells (NK) to fight against MUC1-positive tumor has not been attempted. In this study, we introduced a novel amphipathic nanoparticle (NP) for enhancing the NK cytotoxicity to MUC1-positive cancer cells. The amphipathic NP had CD16 and MUC1 aptamers on its surface and was designed to bind with both the CD16-positive NK cells and the MUC1-positive tumor cells and pull the two types of cells close to each other. The fabricated amphipathic NP had an average size of 574 nm. The aptamers' conjugation with the NP was confirmed by DNA hybridization experiments. Dark-field microscopy revealed that the amphipathic NP could recruit more NK cells to the vicinity of MUC1-positive cancer cells. Additionally, the amphipathic NP significantly enhanced the NK cytotoxicity to MUC1-positive cancer cells ( < 0.01), but not that to the MUC1-negative control cells. The results suggest that NK cells may potentially be mobilized to selectively fight against MUC1-positive cancer cells.
Introduction
Traditional cancer therapies include surgery, chemotherapy, and radiotherapy, but these therapies have their own limitation or drawbacks as in clinical application. Surgery is quite effective for early treatment of solid tumors, but it is useless for advanced tumor, nonsolid tumor, and leukemia. As in chemotherapy, long-term use of chemotherapy drugs will develop the drug resistance of tumor cells and reduce the efficacy of these drugs. Beyond that, as well as eliminating cancer cells, the chemotherapy drugs also attack the normal tissue and immune system of cancer patients, which will result in drug toxicity [1] . Additionally, general and local radiotherapy may cause seriously adverse effect, such as osteoradionecrosis, radiation pneumonitis, and systemic reactions [2] . Besides the above cancer therapies, immunotherapy is a type of tumor therapy built on the principle of stimulating the patient's immune system to attack and eliminate tumor cells [3] . The currently existing immunotherapies mainly include cell-based therapies, antibody therapies, and cytokine therapies [4, 5] . Compared with chemotherapy and radiotherapy, immunotherapy has several advantages, including low toxicity and long-acting in vivo response against tumor cells [6, 7] . Because most grown tumors have immune escape mechanisms, the major challenge facing most immunotherapies is to induce an effective immune response that is strong and durable enough to fight against the cancer cells [8] . As a result, it is necessary to explore new approaches for promoting targeted immune response against cancer cells.
In this study, we developed a novel nanoparticle modified by CD16 and MUC1 aptamers [9, 10] , in order to gather NK lymphocytes and adenocarcinoma cells together and enhance the NK reaction against these cancer cells. CD16, namely, Fcy receptor III, is mainly expressed on the surface of NK cells, 2 Journal of Nanomaterials monocytes, macrophages, and polymorphonuclear cells. MUC1 mucin, a glycoprotein, is underexpressed on normal tissue but gets overexpressed on the cell surface of most adenomas, including colon, breast, ovarian, lung, and pancreatic cancers. Therefore, MUC1 protein is considered an ideal molecular target for immunotherapy [11] . Because the amphipathic NP has CD16 and MUC1 aptamers on its surface, theoretically it can bind with both NK and adenocarcinoma cells, pulling the two types of cells together. In this study, the targeting ligands employed are aptamers. As targeting ligands, aptamer has several advantages compared with antibody, including low immunogenicity, low preparation cost, and easy modification for various applications. Previously studies have reported aptamer as targeting agent to enhance drug delivery to MUC1-positive tumors [10] or probes for lymphoma cells [12] . Therefore, we chose aptamers as the targeting ligands to modify NP in this study. We now report that the aptamers modified amphipathic NP can pull together NK and MUC1-positive tumor cells and enhance NK cytotoxicity to these adenocarcinoma cells.
Methods

Cell Lines and Cultures.
Cell lines of A549 (human lung cancer cell) and MD-MBA-231 (human breast cancer cell) were obtained from the Cell Resource Center of Chinese Academy of Medical Sciences (Beijing, China). Peripheral blood mononuclear cell (PBMC) used in our experiments was gathered through separation of venous blood from healthy human donors. The blood was firstly diluted with D-Hanks at equal volume. Lymphocyte separation medium (TBD, China) was decanted into the mixture and four layers appeared after centrifugation of 20 min. The second layer was extracted by pipette and washed two times with D-Hanks to obtain PBMC. A549 and MD-MBA-231 cells were incubated in DMEM medium, which was supplemented with 100 u/mL penicillin, 100 mg/mL streptomycin, and 10% fetal calf serum (Gibco). All cells were cultured in 5% CO 2 at 37 ∘ C.
Construction and Characterization of Amphipathic NP.
A previously identified MUC1 aptamer with the sequence of 5 -biotin-AACCGCCCAAATCCCTAAGAGTCG-GACTGCAACCTATGCTATCGTTGATGTCTGTCC-AAGCAACACAGACACACTACACACGCACA-3 was synthesized (Sangon Biotech, Shanghai, China). A previously selected CD16 aptamer with the sequence of 5 -biotin-CCATTGCGGGGGTCTATACGTGAG GAAGAAGTGG-3 was also synthesized (Sangon Biotech, Shanghai, China). Five pmol MUC1 aptamer and 5 pmol CD16 aptamer were added to 20 L of streptavidin-coated magnetic beads (Promega, Germany) and fully mixed for 15 min. The beads were washed thrice with 200 L PBS to remove unbound oligonucleotides.
To measure the size distribution of the amphipathic NP, 10 L suspended NP was diluted into 1 mL PBS and analyzed with a dynamic light scattering (DLS) instrument (Zetasizer Nano ZS90, Malvern Instruments, Malvern, UK). Amphipathic NP samples were also evaluated by confocal microscopy (FV1000MPE, Olympus, USA). To study whether the MUC1 and the CD16 aptamers were conjugated to the NP via the biotin-streptavidin reaction, DNA hybridization experiments were performed. MUC1 aptamer-modified NP, CD16 aptamer-modified NP, and MUC1-CD16 aptamers-modified NP were constructed by mixing streptavidin-coated NPs (Promega, Germany) with MUC1 aptamer, CD16 aptamer, and a mixture of both aptamers (at 1 : 1 molar ratio) for 15 min, respectively. Hybridizing DNA probes complementary to MUC1 or CD16 aptamers were incubated with the three types of particles for 30 min. After washing for three times with 200 L PBS, the beads were subjected to flow cytometry analysis. All aptamers were biotinylated and all DNA probes were FAM-labeled.
For assessing the influence of aptamer-modification on the affinity of NP to target cells, competition blocking assays were conducted. Twenty thousand A549 cells were incubated with 40 pmol FAM-labeled MUC1 aptamer. Several items, including blank NP, MUC1 aptamer-modified NP, and unlabeled MUC1 aptamer, were separately added to the cells to compete with the FAM-labeled MUC1 aptamer. The mixtures were incubated for 30 min, washed for three times with 200 L PBS, and subjected to flow cytometry analysis. Similar experiments were also conducted for CD16 and HER aptamers. Briefly, PBMC was incubated with FAM-labeled CD16 aptamer, while blank NP, CD16 aptamer-modified NP, and unlabeled CD16 aptamer were separately added to serve as competitive items. Moreover, HER2 aptamer-modified NP was also evaluated as a competitor of FAM-labeled MUC1 aptamer for binding with A549 cells.
Phase-Contrast Microscopy.
The spatial relationship between live NK and A549 cells was studied with dark-field phase-contrast microscopy. Two groups of A549 cells were cultured in 6-well plate overnight and then cocultured with PBMC for 30 min. Amphipathic NP or blank NP were added to the two groups of cells. After washing with 1 mL PBS thrice, the cells were evaluated by phase-contrast microscopy.
In Vitro Cytotoxicity Assays.
To evaluate whether the amphipathic NP would affect the NK reaction against A549 and MD-MBA-231 cells, NK cytotoxicity study was conducted. PBMC and A549 cells were cocultured in 96-well plates at effector : target ratio ( : ) of 100 : 1. Cellular mixtures were treated separately with various items, including the amphipathic NP (MUC1-NP-CD16), unmodified NP, a mixture of free CD16 and MUC1 aptamers, and the NP modified by HER2 and CD16 aptamers (HER2-NP-CD16) for 10 hours at 37 ∘ C. The nonadherent lymphocytes were washed off with 200 L PBS for three times. MTS assay was applied to evaluate the viability of the A549 cells, according to the standard protocol as outlined by the manufacturer (Promega, Germany). Similar experiments were also conducted on MD-MBA-231 cells. The PBMCs and MD-MBA-231 cells were cocultured at an : ratio of 100 : 1 for 10 h at 37 ∘ C with the amphipathic NP. After washing the cells with 200 L PBS for three times, MTS assay was performed to assess the viability of the MD-MBA-231 cells.
Results
Design of the Amphipathic NP.
The primary function of the amphipathic NP designed in this study was to bring together the NK and the MUC1-positive tumor cells. To implement this goal, we fabricated an NP that was modified with both the CD16 and the MUC1 aptamers. The aptamers were connected with streptavidin-covered nanoparticle via the biotin-streptavidin reaction. Because the amphipathic NP had both CD16 and MUC1 aptamers on its surface, it theoretically should combine with both the NK and the MUC1-positive cancer cells and bring them together. The overall design of the amphipathic NP was illustrated in Figure 1 .
Verification of the Binding Property of the Aptamers.
The capability of the aptamers to bind with their target cells was critical for the function of the amphipathic NP. Hence, we verified the binding properties of the aptamers against the target cells here in this study. FAM-labeled MUC1-aptamer was separately incubated with MUC1-positive A549 and MUC1-negative MD-MBA-231 cells, which were analyzed by flow cytometry. As shown in Figures 2(a) and 2(b), the MUC1 aptamer bound with the A549 but not the MD-MBA-231 cells, suggesting that the aptamer could recognize the MUC1-positive A549 cells. This study also required a control aptamer that did not bind with MUC1-positive cells, for which we employed an aptamer that was originally designed to recognize the HER2 protein. FAM-labeled HER2 aptamer was incubated with MUC1-positive A549 cells, which was analyzed by flow cytometry. The results showed that the HER2 aptamer did not bind with the A549 cells (Figure 2(c) ), indicating that it might serve as a control aptamer for this study.
The capability of the CD16 aptamer for binding with immune cells was also evaluated in this study. Because PBMC was rich in CD16-positive immune cells, here we assessed the affinity of CD16 aptamer to PBMC, which was commonly used as the experiment model in NK-related studies [9] . FAM-labeled CD16 aptamer was incubated with PBMC, which was subsequently analyzed by flow cytometry. As illustrated in Figure 2 (d), CD16 aptamer generated a strong binding to PBMC, suggesting that the aptamer could recognize the CD16-positive immune cells.
Conjugation of Aptamers with Nanoparticles.
In order for the amphipathic NP to bring together the NK and the MUC1-positive cells, both the CD16 and the MUC1 aptamers must be connected to the nanoparticle. To investigate whether the aptamers were indeed connected to the particle, DNA hybridization experiments were conducted. Two types of DNA probes (CD16 probe and MUC1 probe) were designed to complementarily recognize the CD16 and the MUC1 aptamers, respectively. The probes were separately incubated with NP, CD16 aptamer-modified NP (CD16-NP), MUC1 aptamermodified NP (MUC1-NP), and the amphipathic NP (CD16-NP-MUC1), which were subjected to flow cytometry. As presented in Figure 3 , CD16 aptamer-modified particles were positively stained by the CD16 probe, and MUC1-aptamer modified particles were stained by the MUC1 probe, while the amphipathic particles were positively stained by both probes. The results suggested that CD16 and MUC1 aptamers were indeed functionalized onto the surface of the amphipathic nanoparticles.
Morphological Characterization of the Amphipathic NPs.
To investigate whether aptamer modification would affect the morphology and size of the iron NPs, blank NPs and aptamermodified NPs were analyzed by confocal microscopy and dynamic light scattering (DLS) assay. As shown in Figure 4 , confocal microscopy revealed that aptamer-modified NPs had similar morphology as unmodified NPs. DLS assay revealed that both the unmodified and the aptamer-modified NPs had single-peak size distribution. The average size of the unmodified NPs was 491 nm, whereas that of the aptamermodified NPs was 574 nm, presumably because aptamermodification increased the nanoparticles' average diameter as measured by DLS. 
Binding of Aptamer-Modified NPs to Target Cells.
To evaluate whether MUC1 aptamer-modified NPs would attach to MUC1-positive cancer cells, these NPs were used to compete with free MUC1 aptamers for binding with A549 cells. Specifically, A549 cells were incubated with FAM-labeled MUC1 aptamers, in the presence or absence of the aptamer-modified NPs, and subjected to flow cytometry. The results showed that free aptamer's binding to target cells significantly decreased in the presence of aptamer-modified NPs ( Figure 5(a) ), indicating that these NPs also bound to A549 cells and competed with free aptamer for the binding sites. Notably, unmodified NPs failed to generate a competition effect.
To investigate whether CD16 aptamer-modified NPs would attach to PBMCs, similar competition experiments were conducted. Specifically, PBMC was incubated with FAM-labeled CD16 aptamers, in the presence or absence of the NPs functionalized with CD16 aptamers, and analyzed by flow cytometry. As shown in Figure 5(b) , the binding of CD16 aptamer to PBMC was dramatically reduced in the presence of the aptamer-modified NPs, suggesting that these NPs bound to PBMC and competed with CD16 aptamers for the binding sites. Unmodified NPs produced no competition effect.
The above results showed that NPs modified with MUC1 aptamer could attach to A549 cells. We wondered whether NPs modified with any DNA (such as a HER2 aptamer) could also attach to MUC1-positive tumor cells. To address this issue, NPs modified with a HER2 aptamer were used to compete with FAM-labeled MUC1 aptamer for binding with A549 cells (Figure 5(c) ). The results showed that HER2 aptamer-modified NPs did not reduce MUC1 aptamer's binding to A549 cells, indicating that these NPs did not bind with A549 cells.
Amphipathic NPs Recruited NK to A549 Cells.
The above results showed that aptamer-modification facilitated the binding of NPs to A549 and NK cells, respectively. However, it was still unknown whether NP modified with both CD16 and MUC1 aptamers (the amphipathic NP) could attach to both kinds of cells and bring them close to each other. To answer this question, blank NP or the amphipathic NP was separately added to a mixture of NK and A549 cells. After unattached NK cells were removed by wash, the remaining cells were analyzed by dark-field microscopy. As shown in Figure 6 , after treatment with blank NP, few NK cells remained in the culture dish, whereas after treatment with amphipathic NP, much more NK cells were still attached to A549 cells. The results indicated that the amphipathic NP could recruit more NK to the vicinity of A549 cells.
NK Cytotoxicity to MUC1-Positive Cancer Cells Was Enhanced by Amphipathic NP.
The above study indicated that the amphipathic NP could recruit more NK to MUC1-positive A549 tumor cells. However, it was unknown whether the NK reaction to these tumor cells would also be enhanced. To address this issue, NK cytotoxicity studies were conducted. A549 cells were cocultured with PBMCs and treated separately with blank NP, amphipathic NP (MUC1-NP-CD16), a mixture of free CD16 and MUC1 aptamers (MUC1 APT + CD16 APT), and NP modified with CD16 and HER2 aptamers (HER2-NP-CD16). The NK cytotoxicity to A549 cells for each study group was analyzed by MTS assay. As illustrated in Figure 7 (a), the amphipathic NP significantly enhanced NK cytotoxicity against A549 cancer cells, while blank NP, free aptamers, or HER2-CD16-NP failed to generate an obvious effect. The results indicated that pulling together NK and A549 cells by the amphipathic NP could activate NK to react against the MUC1-positive cancer cells.
To further investigate whether the NK antitumor reaction induced by the amphipathic NP was targeted towards the MUC1-positive cancer cells, similar cytotoxicity study was also conducted with the MUC1-negative MD-MBA-231 cells. Specifically, MD-MBA-231 cells were cocultured with PBMC, treated with amphipathic NP, washed, and analyzed by MTS assay for viability. As shown in Figure 7 (b), the amphipathic NP failed to enhance the NK reaction against these MUC1-negative cells. Taken together, the above data indicated that the NK cytotoxicity enhanced by the amphipathic NP was targeted towards the MUC1-positive cancer cells, but not the MUC1-negative control cells.
Discussion
The primary purpose of this study was to construct an amphipathic nanoparticle that was modified with CD16 and MUC1 aptamers, which were implanted onto the particle via biotinstreptavidine reaction (Figure 1 ). The MUC1 aptamer was verified to bind with the MUC1-positive A549 lung cancer cells, but not the MUC1-negative MDA-MB-231 cells (Figures 2(a)  and 2(b) ). Similarly, the CD16 aptamer was also confirmed to bind with the PBMC that was rich in CD16-positive NK cells (Figure 2(d) ). DNA hybridization experiments showed that the aptamers were indeed connected to the nanoparticles (Figure 3) . The average size of the aptamer-modified NPs was about 574 nm, with a single-peak size distribution (Figure 4 ). Competition assays indicated that aptamer-modified NPs could bind with both the MUC1-positive cancer cells and CD16-positive immune cells ( Figure 5 ). Moreover, a significantly increased number of NKs were observed to attach to the MUC1-positive cancer cells in the presence of amphipathic NPs (Figure 6 ), suggesting that the nanostructure could pull the NK close to the target cancer cells. In addition, this nanoparticle significantly enhanced the NK's antitumor immune cytotoxicity to the MUC1-positive A549 cancer cells (Figure 7(a) ), but not that to the MUC1-negative MD-MBA-231 control cells (Figure 7(b) ), indicating that a targeted NK reaction against the MUC1-positive tumor cells was promoted by the amphipathic NPs.
MUC1 is an important molecular target for cancer treatment. It is underexpressed in normal tissue [13] liver, breast [14] , ovarian, colon, pancreatic, prostate cancers, and multiple myeloma [15] [16] [17] . The overexpression of MUC1 mucin may be associated with cancer progression and metastasis of many malignancies [18] [19] [20] . Because MUC1 is overexpressed in many types of adenocarcinoma and underexpressed in normal cells, it is considered as an ideal molecular target for cancer therapy. As a result, several attempts for development of MUC1-targeted cancer therapy have been reported, including targeted drug delivery to MUC1-positive tumor cells with aptamer-guided vehicles [21] , tumor vaccine based on MUC1 protein for inducing anticancer T cell response [5] , and MUC1-targeted photodynamic cancer therapy with photosensitizer carried by MUC1 aptamers [22] . So far, however, there is no report in the literature on directing NK cells to MUC1-positive tumor cells for enhancement of the NK reaction against these cancer cells. In this study, we built an aptamer-based amphipathic nanoparticle that could recruit NK cells to MUC1-positive cancer cells. We found that the nanoparticle could induce a targeted NK cytotoxicity to MUC1-positive tumor cells. The results suggested that, in addition to anticancer drugs, T lymphocytes, or photodynamic energy, NK cells might also be recruited to develop a novel targeted therapy against MUC1-positive tumors. The mechanism by which the amphipathic NP promotes the NK reaction to MUC1-positive cancer cells is unclear at present. We suspect that the enhanced NK cytotoxicity to tumor cells may be related to increased interaction between the two types of cells. Our data indicate that the amphipathic NP can recruit NK to the vicinity of MUC1-positive tumor cells ( Figure 6 ). This will probably increase the chance of interaction between the NK and the target cancer cells, and, through some unknown molecular mechanisms, activate the NK to initiate an anticancer reaction. Similarly, a previously study also reported that recruiting NK cells to the neighborhood of HGF-R positive tumor cells could enhance the NK reaction against these cancer cells [9] . However, the detailed molecular mechanisms of the NK activation for increased anticancer response remain to be unveiled. In any case, this study found that pulling together NK and MUC1-positive tumor cells could enhance the NK reaction against the A549 adenocarcinoma cells. This finding may lead to the development of novel targeted therapy against MUC1-positive tumors through recruitment of NK cells for anticancer reaction. Nevertheless, it should be noted that the current study is just an early exploration of recruiting NK to fight against MUC1-expressing cancer cells. In order to further develop and implement the strategy, extensive future research is still warranted, including studies on development of nuclease-resistant aptamers, selection of optimal nanoparticles, exploration of proper methods to connect the aptamers with the nanostructure, and evaluation of in vivo therapeutic efficacy with animal studies.
In summary, a novel amphipathic nanoparticle was constructed by implanting CD16 and MUC1 aptamers onto its surface. This nanoparticle pulled NK (or other CD16-positive immune cells) and MUC1-positive cancer cells together in vitro and significantly enhanced the NK cytotoxicity to MUC1-positive cancer cells. The results suggest that NK cells may be mobilized to target against MUC1-positive tumor cells.
